The survival of various isolates of Cryptosporidium parvum oocysts under a range of environmental pressures including freezing, desiccation, and water treatment processes and in physical environments commonly associated with oocysts such as feces and various water types was monitored. Oocyst viability was assessed by in vitro excystation and by a viability assay based on the exclusion or inclusion of two fluorogenic vital dyes.
The long-acknowledged importance of waterborne transmission of giardiasis has enabled detailed research on the survival of Giardia cysts in aquatic environments to be conducted (5) . Within the past 10 years, with worldwide recognition of the significance of waterbome cryptosporidiosis, attention has increasingly focused on the viability and survival of Cryptosporidium oocysts, and the hardiness of Cryptosporidium oocysts and their resistance to commonly utilized disinfection techniques has been widely acknowledged (2) . Nevertheless, there remains a paucity of detailed studies on the effects of environmental pressures on the survival of oocysts.
Those studies which have been concerned with the survival of oocysts (1, 2, 4, 6, 8, 9 ) have tended to focus on the resistance of oocysts to disinfectants. Such studies have been entirely laboratory based and have apparently not taken into consideration the variations in oocysts, both between and within isolates, in their abilities to withstand environmental pressures.
In previous work conducted at the Scottish Parasite Diagnostic Laboratory (SPDL), it was observed that different isolates of oocysts varied in permeability to the fluorescent vital dye 4',6-diamidino-2-phenylindole (DAPI), and this permeability correlated with viability as defined by in vitro excystation (3) . Those oocysts which were not dead but did not include DAPI (DAPI-) were inert at assay but could be converted to viable (DAPI+) oocysts by inclusion of a preincubation trigger. It was suggested that DAPI-oocysts might be more environmentally robust than oocysts whose walls are permeable to DAPI, and data to support this hypothesis were presented.
By monitoring the survival of oocysts from isolates of known initial viabilities under a variety of pressures, the duration and probability of potential threats of infection can be realistically assessed. * Corresponding author.
MATERIALS AND METHODS
Sources and purification of oocysts. C. parvum oocysts used in this study were obtained from the following sources. Cervine-ovine oocysts (c-o oocysts) were purchased from the Moredun Research Institute (MRI), Edinburgh, Scotland. This strain, originally isolated from deer feces, has been passaged in sheep by MRI. Human oocysts were isolated from fecal samples submitted to SPDL by symptomatic individuals for routine examination. The oocysts were kept as separate isolates. Bovine oocysts were isolated from bovine fecal samples obtained from a study farm by Glasgow Veterinary School or from MRI. Bovine oocysts were also purchased from MRI. This isolate has been passaged in calves by MRI. Oocysts purchased from MRI had been purified by a semiautomated method which involved incubation of the oocysts in 1% sodium dodecyl sulfate and both acid sedimentation and sucrose flotation (15) . The oocysts were obtained suspended in phosphate-buffered saline (PBS; pH 7.2) containing 100 U of penicillin and 100 ,ug of streptomycin per ml.
Oocysts obtained from bovine and human fecal samples were purified at SPDL by ether extraction, sucrose density flotation, and repeated washing and centrifugation steps as described elsewhere (3 Freezing. Snap-freezing of oocysts resulted in 100% death. Slow freezing, however, was less effective at killing oocysts (Table 1) . After 21 h at -22°C, only 67% of oocysts had been killed, and even though this proportion increased to over 90% after 152 h, a small proportion of oocysts were still viable even after 750 h.
Desiccation. Although after only 2 h of air drying at room temperature 3% of the oocysts were still viable, slightly longer periods of drying resulted in 100% death of the oocysts (Table 2) .
In stools. Variation in the proportions of dead (PI+ and ghost), DAPI+, and DAPI-oocysts between the three isolates of Cryptospondium oocysts were considerable (Table 3). However, each isolate followed a similar pattern over time, with a gradual but perceptible increase in the proportion of dead oocysts over the first 48 days of the investigation and corresponding fluctuations in the proportions of DAPI+ and DAPI-oocysts. However, by the next sampling point 130 days later, the proportion of dead oocysts had increased considerably, especially in stools A and C (Table 3) .
In laboratory models of water treatment processes. (i) Alum floccing. Although contact with high concentrations of aluminum for prolonged periods caused a significant increase in oocyst death ( (Table 7) .
(ii) Liming and polyelectrolytes. High concentrations of lime over prolonged periods affected the viabilities of Cryptosponidium oocysts (Table 8) , with a significant increase in the proportion of dead oocysts (P < 0.01) and corresponding decreases in the proportions of DAPI+ and DAPI-oocysts. However, if the lime was pH corrected from approximatley 10.5 to approximately 6 by the addition of 1% hydrochloric acid, viabilities of oocysts were not altered (Table 7) . High concentrations of the polyelectrolyte Wispofloc N (pH 6 without correction) did not affect viabilities of oocysts (Table 6 ). (iii) Ferric sulfate floccing. High concentrations of ferric ions resulted in a significant increase in death of oocysts (Table 9 ; P < 0.001). However, when pH was corrected from approximately 1.5 to approximately 6 by addition of either sodium hydroxide or lime, no impact on viabilities of Cryptospondium oocysts was detected (Table 9) .
Lower concentrations of ferric ions affected viability of oocysts at 4°C only if contact time with 16 ppm Fe3+ was prolonged for 5 h and pH was raised to pH 9 (Table 10; P < 0.05). At room temperature, 16 ppm Fe3+ at pH 9 killed a significant proportion of oocysts (P < 0.05) if the contact time was reduced to 1 h. If contact time was prolonged to 5 h, 3.5 and 16 ppm Fe3+ both without pH correction and corrected to pH 9 significantly increased death of oocysts (P < 0.001).
In semipermeable containers in selected environments. In all environments, the proportion of dead oocysts increased gradually over time (Table 11 ). The proportion of dead oocysts was significantly higher (P < 0.05) at final sampling than initially for all environments and for both isolates tested. Death rates did not differ significantly between isolates, and for both isolates, the most noticeable impact on oocyst survival was observed in those oocysts in contact with either river or tap water. Observations of the alterations in proportions of DAPI+ and DAPI-oocysts of the two isolates in the different environments were interesting (Table  11 ). In the c-o isolate (high DAPI+/DAPI-ratio initially) the proportion of DAPI+ oocysts decreased steadily over the period of investigation in all environments.
However, in the bovine isolate (low DAPI+/DAPI-ratio initially), a continuous reduction in the proportion of DAPI+ oocysts over the period of investigation was observed only in the oocyst suspension held in cow feces. In the other environments, a different pattern was observed, with an initial increase in the proportion of DAPI+ oocysts. In suspensions of the bovine isolate of oocysts in contact with both tap and river water, the proportion of DAPI+ oocysts reached a peak after 11 days. These levels were significantly higher than the original levels (P < 0.01).
For both isolates held in aqueous environments, the proportion of DAPI-oocysts fell over the period of investigation (Table 11 ). However, for the suspensions of oocysts held in cow feces, an initial increase in the proportion of Monitoring of the temperature in the cow feces revealed no significant fluctuations in temperature.
In seawater. For both c-o and human isolates of Cryptosporidium oocysts, the proportion of dead oocysts increased over the 35-day period of investigation (Table 12) , and the proportion of dead oocysts was significantly higher (P < 0.001) at the final sampling than initially. No difference in survival of the isolates was detected.
Differences between isolates were, however, observed when alterations in the proportions of DAPI+ and DAPIoocysts were considered (Table 12 ). In the c-o isolate, the proportions of both DAPI+ and DAPI-oocysts gradually decreased over the 35-day period, and the proportion of DAPI+ oocysts observed at the final sampling was significantly reduced compared with that of the initial sample (P < 0.001). In the human isolate, while the proportion of DAPIoocysts diminished over the 35-day period, being significantly reduced at the final sampling compared with the original levels (P < 0.001), the proportion of viable (DAPI+) oocysts increased, and at the final sampling, their proportion was significantly higher than the initial level (P < 0.001). (3) . Since contact with feces appears to convert DAPI+ oocysts to DAPI-, until further work elucidates the mechanism and significance of this alteration in permeability, rapid dispersal of fecal material is recommended to maximize the vulnerability of oocysts to environmental and disinfectant pressures.
